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Abstract 

Current studies find that degenerated cartilage endplates (CEP) of vertebrae, with fewer diffusion areas, decrease nutrient 
supply and accelerate intervertebral disc degeneration. Many more apoptotic cells have been identified in degenerated than in 
normal endplates, and may be responsible for the degenerated grade. Previous findings suggest that inhibition of apoptosis is 
one possible approach to improve disc regeneration. It is postulated that inhibition of CEP cell apoptosis may be responsible for 
the regeneration of endplates. Caspase-3, involved in the execution phase of apoptosis, is a candidate for regulating the 
apoptotic process. In the present study, CEP cells were incubated in 1 % fetal bovine serum. Activated caspases were detected 
to identify the apoptotic pathway, and apoptosis was quantified by flow cytometry. Lentiviral caspase-3 short hairpin RNA 
(shRNA) was employed to study its protective effects against serum deprivation. Silencing of caspase-3 expression was 
quantified by reverse transcription-polymerase chain reaction and Western blots, and inhibition of apoptosis was quantified by 
flow cytometry. Serum deprivation increased apoptosis of rat CEP cells through activation of a caspase cascade. Lentiviral 
caspase-3 shRNA was successfully transduced into CEP cells, and specifically silenced endogenous caspase-3 expression. 
Surviving cells were protected by the downregulation of caspase-3 expression and activation. Thus, lentiviral caspase-3 
shRNA-mediated RNAi successfully silenced endogenous caspase-3 expression, preventing inappropriate or premature 
apoptosis. 
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Introduction 

Degeneration of the intervertebral disc (IVD) plays a 
critical role in the pathogenesis of spinal disorders, and is 
also the main cause of back or cervical pain and morbidity 
(1,2). Treatment or prevention of degenerative disc disease 
is not easily achieved because its molecular processes are 
poorly understood. The cartilage endplate (CEP) is the 
main source of nutrients for the IVD (3-6). Degeneration of 
the CEP dramatically decreases disc biomechanical integ- 
rity and nutrition, resulting in breakdown of the metabolic 
equilibrium of the extracellular matrix, and ultimately 
accelerating disc degeneration (1,3,4,7-11). Apoptotic cells 
have been identified in degenerated endplates, and their 
quantity has a positive relationship with the degeneration 
grade of disk diseases (7). Ariga et al. (7) reported that 
apoptosis was particularly noticeable in CEP of advanced 
age, which was more evident in a surgically treated group 



than in a naturally aged group. Prevention of premature 
apoptosis of endplate chondrocytes is a potential thera- 
peutic strategy in maintaining IVD health and preventing 
spondylopathy. 

Two major pathways of cellular apoptosis have been 
identified, the death-inducing signaling complex pathway 
and the mitochondrial pathway (12). Which of these 
apoptosis pathways is induced depends upon the activation 
of the caspase cascade, including initiators (caspases 8 and 
9) and executioners (caspases 3 and 6) (13). Caspase-3, 
characterized as both a marker and an ultimate executioner, 
is a candidate for inhibiting the apoptosis process (14,15). 
Sudo and Minami (15) demonstrated that downregulation of 
endogenous caspase-3 expression can successfully pre- 
vent apoptosis of the nucleus pulposus both in vitro and in 
vivo; the effects on CEP cells have yet to be investigated. 
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RNA interference (RNAi) is a posttranscriptional gene 
silencing mechanism (16) that has emerged as a powerful 
method for silencing gene expression, and is widely used 
for gene therapy (17,18). However, two major disadvan- 
tages of small interfering RNA (siRNA) are low delivery 
efficiency and transient gene silencing. Virus vectors 
encoding short hairpin RNAs (shRNAs) have been 
exploited to overcome these obstacles (19). Lentivirus 
vectors, which have favorable longevity, high delivery 
rates, and minimal immunogenicity, have been used in 
large-scale RNAi assays to study gene functions (20,21). 
RNAi has been used to explore the effects of inhibiting 
gene expression in nucleus pulposus cells (15,22,23). 

In the present study, a lentivirus vector encoding 
shRNA was used to target caspase-3 and to investigate 
its anti-apoptosis effects in CEP cells. 

Material and Methods 

Cell isolation and culture 

Sprague-Dawley rats, approximately 12 weeks of age 
and 400 g in weight, were used in the current study. The 
rats were killed by cervical dislocation and the lumbar 
spines were obtained within 1 h of death. The discs were 
carefully dissected under a microscope to obtain only the 
CEPs, which were minced into small pieces (<0.3 mm 3 ) 
under aseptic conditions. To isolate the chondrocytes, the 
tissues were sequentially treated with 0.25% trypsin 
(Sigma, USA) at 37°C for 120 min followed by 0.02% 
collagenase (Sigma) at 37°C for 24 h. After enzymatic 
digestion, the tissues were filtered through a 100-mm cell 
strainer (BD Biosciences, USA), and then washed with 
phosphate-buffered saline (PBS). Afterward, the cells were 
released from the matrix by centrifugation at 1000 g for 
5 min, placed on 6-well plates at 2x10 4 cells/well, and 
maintained in Dulbecco's modified Eagle's medium 
(DMEM; Gibco, USA) supplemented with 10% fetal bovine 
serum (FBS; Gibco), 100 U/mL penicillin, and 100 ug/mL 
streptomycin under 5% C0 2 in a humidified incubator at 
37°C. Primary chondrocytes were maintained in high- 
density monolayer culture for 1 week. Then, the cells were 
trypsinized and subcultured on 6-well plates, which were 
used in the following experiments as secondary cells. 

Construction of lentivirus vectors 

A DNA template and oligonucleotides corresponding 
to the caspase-3 gene (Gene ID NM_012922), which had 
proved to be the most efficient for use in RNAi in previous 
experiments, were targeted. The oligonucleotide 
sequences were designed and synthesized as follows: 
caspase-3-siRNA-F: 5'-TGCTGATATCATCGTCAGTTC 
CACTGGTTTTGGCCACTGACTGACCAGTGGAAGACG 
ATGATAT-3', caspase-3-siRNA-R: 5'-CCTGATATCATC 
GTCTTCCACTGGTCAGTCAGTGGCCAAAACCAGTGG 
AACTGACGATGATATC-3'. 

The combined sequences of the enhanced green 



fluorescent protein (EGFP) gene and the caspase-3 siRNA 
were cloned into the Asc\ and Pmel sites of the pLenti6.3- 
MCS vector (R&S Biotechnology, China) containing a 
CMV-driven GFP reporter. An siRNA unrelated to human 
gene sequences was used as a negative control. All 
constructed plasmids were confirmed by sequence analy- 
sis. All plasmids were transfected into 293T cells using a 
packaging vector mix (Invitrogen, USA). Supernatants 
containing lentiviruses were harvested at 96 h after 
transduction. We performed subsequent purification by 
ultracentrifugation at 4000 g, 4°C for 10 min, and stored 
the isolated lentiviruses at -80°C until use. The titer of the 
lentiviruses was 1 .5 x 1 0 6 . 

Transfection of lentivirus 

The secondary cells were transferred to 6-well plates 
at a density of 5 x 10 5 cells/well in DMEM with 10% FBS 
without antibiotics the day before transduction proce- 
dures. When they had reached 80% confluence, the cells 
were transfected with the recombinant experimental virus 
or the control virus at a multiplicity of infection of 50 with 
polybrene (5 u.g/mL) for 24 h. All cells were placed in 
fresh DMEM containing 10% FBS without antibiotics and 
cultured in this complete medium for 48 h. The transduc- 
tion efficiency was determined by fluorescence micro- 
scopy. 

Cell treatments 

We used 1% FBS to investigate the apoptotic effects 
of serum deprivation on CEP cells. Apoptosis was 
assessed at 48 h. The cells were infected with either the 
caspase-3 shRNA vector (CEP-caspase-3) or the nega- 
tive control vector (CEP-NC) in complete medium. An 
additional, untransfected group (CEP-CTR) was included 
in the analysis. The three groups were incubated in 
medium containing 1% FBS for the 48 h before the 
apoptosis assay. 

Measurement of caspase activation 

Caspase-3, -8, and -9 enzymatic activities were 
assessed using a caspase activity kit (Beyotime, China) 
according to the manufacturer's protocol. In brief, cells 
were replated at 1 x 10 5 cells/well on a 12-well plate. Cell 
lysates were prepared, and 2 mM caspase-3, -8, and -9 
substrates (Ac-DEVD-pNA, Ac-IETD-pNA, Ac-LEHD-pNA, 
respectively) were added to the lysates. The mixtures were 
incubated on ice for 1 h, and the absorbance at 405 nm 
was measured with an ELISA reader (Beckman Coulter, 
Inc., USA). Caspase activities were calculated as the 
change in absorbance at 405 nm. 

Detection of apoptosis 

Apoptosis of cells incubated in 1% FBS was deter- 
mined by staining with fluorescein isothiocyanate (FITC)- 
labeled annexin V and propidium iodide (PI; PharMingen, 
USA), according to the manufacturer's instructions. The 
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cells were stained simultaneously with FITC-labeled 
annexin V and PI and scored as follows: 1) annexin V-/ 
PI- (viable cells); 2) annexin V + /PI- (cells in the initial 
stages of apoptosis); 3) annexin V + /PI+ (cells in the 
advanced stages of apoptosis), and 4) annexin V-/PI + 
(necrotic cells). To quantify apoptosis, the cells were 
washed with cold PBS and then suspended in binding 
buffer. The cells were stained with 5 uL annexin V-FITC 
and 10 uL PI and then analyzed using FACScan flow 
cytometry (FCM; Becton Dickinson, USA) at 48 h. 4',6- 
Diamidino-2-phenylindole (DAPI, Beyotime) was added to 
the culture medium to determine morphological changes 
during apoptosis; and the fragmentation of the nucleus 
and chromatin condensation were examined by fluores- 
cence microscopy. 

The three groups (CEP-caspase-3, CEP-NC, and 
CEP-CTR) at a density of 1x10 5 cells/well were 
incubated in 1% FBS for 24 and 48 h, and harvested 
after trypsinization. Apoptosis of cells transfected with 
EGFP and control group cells was determined by staining 
with annexin V phycoerythrin (PE) (Beyotime), and 
analyzed using FCM. 

Reverse transcription-polymerase chain reaction 
(RT-PCR) 

RT-PCR was performed to detect caspase-3 mRNA, 
and p-actin was used as the internal standard control. 
Briefly, total RNA was extracted with Trizol reagent 
(Invitrogen) following the manufacturer's instructions. 
Single-strand cDNA templates were prepared from 1 ug 
total RNA using the RT-for-PCR kit (Invitrogen). Specific 
cDNAs were then amplified by PCR using the following 
primers: caspase-3 forward: 5'-GAAATTCAAGGGACG 
GGTCA-3', caspase-3 reverse: 5'-TTCTTTGCATGGAAA 
GTGGC-3', p-actin forward: 5'-GCTATGTTGCCCTAGA 
CTTCGA-3', and p-actin reverse: 5'-GATGCCACAGGA 
TTCCATACC-3'. 

PCR amplification from cDNA was performed in a final 
volume of 20 uL, cycling conditions were denaturation at 
95°C for 15 s, annealing at 59°C for 20 s, and elongation 
at 72°C for 20 s, and the optimal cycle number was 40 
cycles. PCR products were subjected to amplification 
curve analysis, and quantified using SYBR Green 
(Invitrogen). Caspase-3 expression data were normalized 
to p-actin, and were shown as AA Ct. Caspase-3 mRNA 
was quantified after incubation in 1% FBS for 48 h. 

Western blot analysis 

The protein expression of procaspase-3 and active 
caspase-3 was detected by Western blot analysis 
according to the kit manufacturer's instructions. Total 
protein was extracted with protein-loading buffer. Total 
protein concentration was determined by the bicinchoninic 
acid (BCA) assay (Sigma). Protein extracts were sepa- 
rated by 8-12% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to nitrocellulose 



membranes. The membranes were blocked with 5% 
nonfat dry milk in Tris-buffered saline with Tween 20 
(TBST) for 1 h at 37°C, and incubated overnight at 4°C in 
TBST with the anti-procaspase-3 or anti-active-caspase-3 
antibody (dilution 1:200) and anti-p-actin antibody (dilution 
1:2000). Following incubation with horseradish perox- 
idase-conjugated anti-rabbit secondary antibody (dilution 
1:5000) for 1 h, the membranes were treated with ECL 
Plus (Beyotime Institute of Biotechnology, China) accord- 
ing to the manufacturer's instructions, p-actin was used as 
a control to verify equal protein loading. All antibodies 
were supplied by the Beyotime Institute of Biotechnology. 

Statistical analysis 

All measurements were carried out using the same 
instrument under the same experimental conditions and 
independently performed at least three times to ensure 
consistency. Data are reported as means ±SD, and 
significant differences were analyzed by one-way 
ANOVA among groups and by the Student Mest. 
P<0.05 was considered to be significant. 

Results 

Serum deprivation induces apoptosis of rat CEP cells 
mediated by caspase-3 

Figure 1A shows that CEP cells underwent apoptosis 
after incubation in 1% FBS for 48 h, as determined by 
DAPI staining. Figure 1B shows that CEP cells displayed 
apoptotic cell death, as determined by double staining 
with annexin V-FITC and PI. The mean percentage of 
apoptotic cells, including early (annexin V + /PI-) and late 
(annexin V + /PI + ) apoptosis, was notably increased in 
1% FBS compared with 10% FBS (22.3 ±0.58 vs 
10.06 ±0.35%, P<0.05; Figure 1B). We found that there 
were more early stage apoptotic cells in the 1% FBS 
group than in the 10% FBS group (12.2 ±0.37 vs 
7.88 ±0.33%, P<0.05), and more late stage apoptotic 
cells were also observed in the 1% FBS group than in the 
10% FBS group (10.1 ±0.20 vs 2.18±0.22%, P<0.05). 

To quantify the enzymatic activation of the caspase 
cascade during apoptosis, we determined the changes in 
caspase-3, -8, and -9 activities. As shown in Figure 1C, 
caspase-3, -8, and -9 activities were increased by 4-, 3-, 
and 4-fold, respectively, after incubation in 1% FBS for 
48 h. These results strongly suggest that serum depriva- 
tion induced CEP cellular apoptosis by caspase activation. 

Downregulation of endogenous caspase-3 mRNA and 
protein expression in CEP cells by lentiviral-mediated 
RNAi 

The lentiviral shRNA was successfully constructed 
and confirmed by sequence analysis, and the transduc- 
tion rate of the lentivirus was approximately 90% at 72 h 
(Figure 2). Procaspase-3 and active caspase-3 proteins 
were assessed by Western blot analysis after incubation 
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Figure 1. Effects of serum deprivation on cartilage endplate cells 
after treatment for 48 h. A, DAPI staining of apoptotic bodies 
assessed by fluorescence microscopy (400 x ). B, Representative 
graphs obtained by flow cytometry. C, Assay of caspase-3, -8, and 
-9 activities. *P<0.05 vs 1% fetal bovine serum (FBS) (Student f- 
test). PI: propidium iodide; FITC: fluorescein isothiocyanate. 



in 1% FBS for 48 h. As shown in Figure 3B, the levels of 
procaspase-3 and active caspase-3 in the CEP-NC group 
increased almost 4- and 2-fold, respectively, over the 
experimental group, according to gray scale analysis. As 
expected, the caspase-3 mRNA level decreased in 
parallel with the protein expression in the CEP-caspase- 
3 group, and was only 44% of that in the CEP-NC group 
(Figure 3A). These results show that caspase-3 gene 
expression was successfully knocked down by the 
lentivirus-mediated RNAi. 

RNAi reduces apoptosis of vertebral CEP cells 

To determine whether silencing caspase-3 had an 
inhibitory effect on apoptosis of CEP cells, we qualitatively 
and quantitatively assessed the apoptosis rate of cells 
stained with PE-labeled annexin V after incubation in 1% 
FBS for 24 and 48 h. FCM analysis showed that the 
apoptosis rate of the CEP cells (annexin V-/PE + ) was 
significantly lower after lentivirus transduction (Figure 4A 
and B). The apoptosis rate of the CEP-caspase-3 group 




Figure 2. Evaluation of the lentivirus transduction rate, which was 
up to 90% as calculated by cellular enumeration using fluores- 
cence and light microscopy (200 x ). A, Control group; B, negative 
control group; C, caspase-3-shRNA group. 

(4.73 ±0.35%) was significantly decreased at 24 h com- 
pared with the CEP-NC and CEP-CTR groups 
(13.67 ±0.42 and 13.33 ±0.45%, respectively, P<0.05). 
Similar to the results at 24 h, the apoptosis rate of the 
CEP-caspase-3 group was markedly lower than that of 
the CEP-NC (9.74 ±0.21 vs 23.32 ±0.62%, P<0.05) and 
CEP-CTR groups (9.74 ±0.21 vs 22.41 ±0.69%, P<0.05) 
at 48 h. 

Discussion 

Recently, many biological therapies for disc degen- 
erative diseases, including molecular, genetic, and cell- 
based strategies, have received increased attention and 
have been assessed for their abilities to halt and reverse 
disc degeneration (24,25). Unlike surgical procedures, 
these approaches focus on the basic pathophysiological 
processes of disc degeneration. Molecular therapies, 
including the use of growth factors (26), inflammation 
inhibitors (27), and proteinase inhibitors (28), have 
exhibited limited therapeutic durations and are not 
suitable for treating chronic degeneration processes. 
Gene therapies, using virus vectors or plasmids encoding 
exogenous proteins to stimulate matrix synthesis or inhibit 
its degradation, have overcome the limitations of mole- 
cular treatment (24,29-31). Cell-based therapies, includ- 
ing reimplantation of nucleus pulposus cells or stem cells, 
also have shown exciting results in animal experiments 
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Figure 3. Expression of caspase-3 is suppressed by lentiviral 
caspase-3-shRNA after treatment with 1% fetal bovine serum 
for 48 h, with p-actin used as an internal control. A, Quantitative 
analysis of caspase-3 mRNA expression assessed by RT-PCR. 
**P<0.01 vs all other groups (one-way ANOVA). B, Representative 
Western blot showing pro- and active-caspase-3 expression 
determined in different groups. NC: negative control group. 



(24,30,32,33). However, the degeneration of the CEP, 
with its associated compromised diffusion of oxygen and 
nutrients, would likely make these approaches impractical 
and unable to achieve the desired results (25). Therefore, 
we preferred to improve the status of the CEP to increase 
the nutrition of the disc, which is a prerequisite for 
reversing or repairing disc degeneration. 

Inhibition of apoptosis of disc cells can improve or 
reverse the degenerative process (15,34,35), which 
provides a potential approach for improving the health of 
the CEP. RNAi has been widely used in gene therapy and 
has produced exciting results, including treatment of 
degenerative diseases (17). Sudo and Minami (15) applied 
this technique to halt disc degeneration by inhibiting 
apoptosis of the nucleus pulposus, as did Zhang et al. 
(34) in annular cells. To the best of our knowledge, this is 
the first investigation testing the protective effect of 
apoptosis inhibition on CEP cells. 

Apoptosis of disc cells can be triggered by various 
stimuli, such as serum deprivation (36,37), H 2 0 2 (38), 
tumor necrosis factor alpha (26), compression (39), and 
cyclic stretch (34), through different apoptotic cascade 
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Figure 4. Evaluation of apoptosis of cartilage endplace (CEP) 
cells after treatment with 1% fetal bovine serum for 24 and 48 h. 

A, Representative graphs of flow cytometry. Apoptotic cells, 
including early and late apoptosis, occupied the upper quadrants. 

B, Apoptosis incidence among CEP cells. Data are reported as 
the percentage of cell death. **P<0.01 vs all other groups (one- 
way ANOVA). NC: negative control group; PE: phycoerythrin; 
EGFP: enhanced green fluorescent protein. 

pathways. Although the precise mechanism of cell 
apoptosis is not fully understood, caspase-3 acts as a 
central executioner in the caspase apoptotic cascade 
pathway. Upregulation of the expression and activity of 
caspase-3 have been observed in different cellular 
apoptotic models, and specific inhibitors can successfully 
decrease apoptosis (36). Caspase-3 can be a therapeutic 
target for regulating the processes of disc degeneration. 
Our findings in the CEP apoptotic model are consistent 
with this. Caspase-3 activity was dramatically increased 
compared with that in the control cells incubated in 10% 
FBS, resulting in marked apoptosis as demonstrated by 
DAPI staining and FCM analysis. Interestingly, caspase-8 
and -9 activities were also upregulated, and the precise 
apoptotic pathway used will require further investigation. 

RNAi is highly effective in gene knockdown (19), but 
inefficient delivery and transient effects, its two greatest 
disadvantages, prohibit its application in chronic degen- 
erative diseases. Lentivirus can easily integrate into the 
host genome and stably encode shRNA to overcome 
these drawbacks (19). As a result, lentivirus-mediated 
caspase-3 shRNA was explored as a means to silence 
endogenous caspase-3 expression in the present study. 
The transduction rate was almost 90%. The quantity of 



www.bjournal.com.br 



Braz J Med Biol Res 47(6) 2014 



450 



L. Ding et al. 



caspase-3 mRNA was reduced by 44% compared with 
that observed in the CEP-NC group. Expression of pro- 
and active-caspase-3 protein was also decreased. These 
data indicate that caspase-3 can be effectively and 
specifically knocked down by shRNAs. Moreover, a 
significant decrease of the apoptotic rate in the CEP- 
caspase-3 group was observed in concert with suppres- 
sion of the caspase-3 expression cascade. These findings 
suggest that knockdown of a harmful gene during 
apoptosis has the potential to enable increased cell 
survival. However, follow-up in vivo experiments are 
required to determine whether the survival of the cells 
can delay the degeneration of the CEP and arrest or 
reverse the degeneration of the IVD. 
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